In plant lipid metabolism, the synthesis of many intermediates or end products often appears overdetermined with multiple synthesis pathways acting in parallel. Lipid metabolism is also dynamic with interorganelle transport, turnover, and remodeling of lipids. To explore this complexity in vivo, we developed an in vivo lipid 'tag and track' method. Essentially, we probed the lipid metabolism in Arabidopsis thaliana by expressing a coding sequence for a fatty acid desaturase from Physcomitrella patens (D6D). This enzyme places a double bond after the 6th carbon from the carboxyl end of an acyl group attached to phosphatidylcholine at its sn-2 glyceryl position providing a subtle, but easily trackable modification of the glycerolipid. Phosphatidylcholine is a central intermediate in plant lipid metabolism as it is modified and converted to precursors for other lipids throughout the plant cell. Taking advantage of the exclusive location of D6D in the endoplasmic reticulum (ER) and its known substrate specificity for one of the two acyl groups on phosphatidylcholine, we were able to 'tag and track' the distribution of lipids within multiple compartments and their remodeling in transgenic lines of different genetic backgrounds. Key findings were the presence of ERderived precursors in plastid phosphatidylglycerol and prevalent acyl editing of thylakoid lipids derived from multiple pathways. We expect that this 'tag and track' method will serve as a tool to address several unresolved aspects of plant lipid metabolism, such as the nature and interaction of different subcellular glycerolipid pools during plant development or in response to adverse conditions.
INTRODUCTION
Plant membrane lipids not only provide the structural basis for cell boundaries and subcellular compartmentalization, but they are also involved in signaling and hormone production (Feussner and Wasternack, 2002; Zhang et al., 2003; Kooijman and Burger, 2009; van der Schoot et al., 2011; Janda et al., 2013) , are integral to the photosynthetic machinery (Jordan et al., 2001; Stroebel et al., 2003; Liu et al., 2004; Loll et al., 2005; Jones, 2007; Holzl et al., 2009) , and provide energy storage (Chapman et al., 2012) . Plant cells have a unique lipid composition coinciding with specialized organelles, chloroplasts, to carry out photosynthesis. While most cellular membranes are composed primarily of phospholipids and sphingolipids, chloroplast membranes are lacking sphingolipids and many classes of phospholipids, and they are primarily composed of glycoglycerolipids, with monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) being the most abundant followed by the sulfolipid, sulfoquinovosyldiacylglycerol (SQDG). The outer envelope membrane of the chloroplast contains phosphatidylcholine (PC) (Dorne et al., 1985) , but the only phospholipid abundantly found in the photosynthetic membranes, thylakoids, is phosphatidylglycerol (PG).
Complementing the unique chloroplast lipid composition, plants stand out amongst eukaryotes in their synthesis of chloroplast lipids through the cooperation of two assembly pathways. Fatty acid synthesis takes place in the stroma of chloroplasts, but chloroplast glycerolipid biosynthesis occurs both in chloroplasts (plastid pathway) and in the endoplasmic reticulum (ER pathway). Products from each of these pathways have historically been distinguished due to the specificity of the respective acyltransferases catalyzing the second step of glycerolipid assembly, and the transfer of an acyl group to sn-1-acylglyceryl sn-3-phosphate (lyso-phosphatidic acid) (Frentzen et al., 1983; Frentzen, 1986) . The plastid acyltransferase prefers to add 16 carbon (16C) acyl groups to the sn-2 position of the glyceryl backbone, while the ER acyltransferase prefers to add 18 carbon (18C) acyl groups to the same position (Frentzen et al., 1983; Frentzen, 1986) . Based on this distinction, it has been proposed that nearly 50% of chloroplast lipids of Arabidopsis thaliana are derived from ER precursors with 18C fatty acids in the sn-2 position (Browse et al., 1986) . This fraction varies among species with plants, such as Arabidopsis, using both chloroplast and ER pathways, and therefore being designated as 16:3 plants (Heinz and Roughan, 1983; Mongrand et al., 1998) . In contrast, plants designated as 18:3 plants are predicted to almost entirely use the ER pathway. However, plastid PG has almost exclusively a 16C fatty acid in the sn-2 position and is, therefore, presumed to be made nearly exclusively by the plastid pathway in both 16:3 and 18:3 plants (Heinz and Roughan, 1983; Browse et al., 1986; Mongrand et al., 1998) . The use of ER precursors to produce chloroplast lipids also implies the presence of ER-to-chloroplast lipid transport. While key proteins involved in this transport have been identified, trigalactosyldiacylglycerol (TGD) 1-5, the transport mechanism and the transported lipid species remain to be determined (Xu et al., 2003 (Xu et al., , 2008 (Xu et al., , 2010 Awai et al., 2006; Lu et al., 2007; Roston et al., 2011 Roston et al., , 2012 Fan et al., 2015) .
Because membrane lipids are important to so many different cellular processes, extensive efforts have been made to understand plant lipid metabolism. However, lipid metabolism has proven to be complex with not only multiple pathways and transport between organelles but also with acyl editing by way of transacylases (Lager et al., 2013) , lipases, and acyltransferases (Li-Beisson et al., 2013) . Acyl editing in which de novo synthesized fatty acids are transferred from the acyl-CoA pool to PC has been characterized by in vivo kinetic radiolabeling for PC of pea leaves (Bates et al., 2007) and soybean seeds (Bates et al., 2009) , and may occur at the ER or the plastid envelope membrane (Tjellstrom et al., 2012) . The acyl groups undergo desaturation on PC, and the now polyunsaturated fatty acids are returned to the acyl-CoA pool in leaves (Bates et al., 2007) . This acyl editing process actually receives the majority of the flux from the de novo synthesized acyl-CoA pool derived from chloroplast fatty acid export (Bates et al., 2007) . Because there are many predicted plastid lipases of unknown function that could be involved in acyl editing, it is reasonable to consider acyl editing of plastid lipids as part of the plastid pathway, as has already been hinted at by others (Bates et al., 2007; Tjellstrom et al., 2012; Wang et al., 2017) . However, the existence of extensive acyl editing within the chloroplast could affect the currently accepted quantitative indicator for identifying lipid precursor origin, the 16C versus 18C occupation in the plastid lipid sn-2 position. It also raises new questions regarding the origin of plastid PG that, based on the above-mentioned criterion, appears to be derived from the plastid pathway to a larger extent than any other lipid.
So far, methods involving radiolabeling and positional analysis of lipids have been the most informative to determine flux through the different pathways and the transport between organelles, but conclusions based on these data rely on the sn-2 position 16C versus 18C standard for distinguishing pathway origin. Here, in vivo lipid tagging was employed using heterologous production of an ER-located D6 desaturase from Physcomitrella patens (D6D) in Arabidopsis. Arabidopsis lacks a D6 desaturase, and this approach led to the formation of uniquely traceable D6 fatty acyl groups as they appear in different lipids. This D6D is well characterized with a substrate preference for the sn-2 position of PC (Girke et al., 1998; Domergue et al., 2003) . Expression of the D6D-encoding cDNA in Arabidopsis resulted in lipids with c-linolenic acid (GLA, 18:3 D6, 9, 12 carbon number: double bond number, D double bond position from the carboxyl terminus) and stearidonic acid (SDA, 18:4 D6, 9, 12, 15 ). Tracking of GLA and SDA in the wild-type (WT) and different, well characterized, lipid mutant backgrounds validated this 'tag and track' approach as an in vivo method for the detailed study of plant lipid metabolism.
RESULTS

D6D is external to the chloroplast when heterologously produced
In Physcomitrella patens, the D6 desaturase is predicted to be located in the ER based on the presence of a cytochrome B5 domain that is considered indicative of ER fatty acid desaturases (Girke et al., 1998) . For this reason, the D6D was also predicted to be in the ER when heterologously produced, a prerequisite for the 'tag and track' approach. To corroborate the subcellular location of D6D by confocal microscopy, the D6D cDNA was inserted into the pEarleyGate101 vector (Earley et al., 2006) leading to a C-terminal yellow fluorescent protein (YFP) fusion protein (D6D-YFP). This vector, as well as the pEarlyGate101 empty vector (EV), were transiently expressed in tobacco (Nicotiana benthamiana) along with a cyan fluorescent protein (CFP) ER marker construct, and the tissue was examined by confocal laser microscopy. The YFP signal in the tissue producing D6D-YFP was consistent with the location of the ER marker ( Figure 1 ). In no instance did the YFP signal overlap with the chlorophyll auto-fluorescence of chloroplasts, and the tissue with pEarleyGate101 EV showed no YFP signal (Figure 1b ). Based on this evidence, we concluded that the D6D-YFP was exclusively located outside the chloroplast, primarily associated with the ER as previously predicted (Girke et al., 1998) . We also pursued the localization of D6D by cellular fractionation and subsequent immunoblot analysis of Arabidopsis plants expressing a D6D-encoding sequence in the pEarleyGate203 vector producing the recombinant enzyme with an N-terminal Myc tag (Myc-D6D) (Earley et al., 2006) . However, we were unable to detect the plantproduced, recombinant protein unambiguously in these experiments. When Saccharomyces cerevisiae-produced Myc-D6D ( Figure S1a ) was mixed with plant extracts or ER protein from non-transgenic plants, the signal for Myc-D6D faded substantially (Figure S1b, c) even in the presence of a cocktail of protease inhibitors. We concluded that the Myc-D6D protein was susceptible to an ER-based protease, and we were unable to pursue this independent approach further for the localization of Myc-D6D. Therefore, based on the prediction of the location and the microscopy analysis of the D6D-YFP protein alone, the recombinant D6D appears to be associated with the ER, but not the chloroplast.
Plants producing D6D accumulate GLA and SDA Potential Arabidopsis Myc-D6D-producing T1 plants were screened for Basta resistance, and survivors were subsequently rescreened by polymerase chain reaction (PCR). Positive transformants were then subjected to total fatty acid methyl ester analysis. Four transgenic lines were isolated that produced high levels of GLA and SDA in the WT background (Figure 2a) . The best line in the WT background produced 10-18 mol% GLA of total acyl groups and 5-10 mol% SDA (Figure 2a) . Progeny of the plants with high levels of GLA and SDA were investigated in further detail.
Myc-D6D was also produced in three different, well characterized lipid metabolism mutants, fad3-2, ats1-1, and tgd1-1, to explore the potential of, and to provide proof-ofconcept for, the lipid 'tag and track' approach based on the D6 acyl group redistribution from PC into different cellular lipids. The fad3-2 mutant is lacking the ER D15 desaturase (Shah et al., 1997) leaving only the plastid D15 desaturases. Therefore, any SDA detected in fad3-2 must have received the D6 double bond in the ER and the D15 double bond in the chloroplast. The dual location of D15 desaturases accounts for SDA biosynthesis in the ER and the plastid in WT. However, with an exclusive origin of GLA in the ER of transgenic lines, we hypothesized that the SDA distribution between ER and chloroplast lipids as well as the GLA-to-SDA ratio are diagnostic of changes in the relative contribution of the ER and plastid pathways in the different mutants. Accordingly, eliminating the ER D15 desaturase in the fad3-2 mutant allowed us to verify this hypothesis.
The ats1-1 mutant is deficient in the plastid pathway for lipid assembly as it is strongly reduced or even lacking the enzyme activity that transfers the first acyl group from an acyl carrier protein to glycerol-3-phosphate (Kunst et al., 1988; Xu et al., 2006) . We expected that when Myc-D6D is present in this mutant background, GLA and SDA content in chloroplast lipids should be enhanced due to the increased ER contribution to plastid lipid assembly compared with the WT background. In contrast, the tgd1-1 mutant is impaired in ER-to-chloroplast lipid transport (Xu et al., 2003) , which decreases the ER contribution to chloroplast lipid assembly and, therefore, should decrease GLA and SDA content in chloroplast lipids in the presence of Myc-D6D.
To develop these lines, the Myc-D6D construct was introduced directly into both the WT and fad3-2, and good producers in the WT background were crossed with the other two mutants, ats1-1 and tgd1-1. Four independent lines, which were each capable of segregating plants with high levels of GLA and SDA, were chosen for each genetic background and subjected to detailed lipid analysis ( Figure 2a ). The levels of GLA and SDA produced were somewhat variable between individuals within each line, and while only data for the T2 and F3 generations are shown (Figure 2a ), this trend carried into future generations. Because of this variability, total GLA and SDA levels were routinely determined for each plant before carrying out analyses that were more detailed. Total lipid analysis in each of the different mutant backgrounds revealed different relative levels of GLA and SDA. The Myc-D6D fad3-2 plants accumulated less SDA than the Myc-D6D WT plants resulting in a 2-to 3-fold higher GLAto-SDA ratio ( Figure 2b ) as would be expected for a mutant without a functioning ER D15 desaturase, the same location as for the D6 desaturase. The GLA-to-SDA ratio was also slightly increased in the Myc-D6D ats1-1 and Myc-D6D tgd1-1 lines (Figure 2b ). While these mutants introduce a disruption in lipid fluxes between the ER and the plastid in different ways, it seems likely that the reduced availability of GLA substrate to either the D15 desaturases in the ER or the plastid is reducing overall GLA conversion to SDA in both mutants leading to the observed increase in GLA-to-SDA ratios.
Plants producing Myc-D6D have a subtle secondary phenotype
The fresh weight and combined relative fraction (mol%) of D6-containing acyl groups, GLA and SDA, were measured in 3-week-old plants for four independent Myc-D6D-producing lines in each background, WT, fad3-2, ats1-1, and tgd1-1. The plants were grouped based on their content of D6-containing lipids measured by the mol% fraction of D6 acyl groups in the total pool of lipids (i.e. D6 ≤ 5 mol%, 5 < D6 ≤ 10 mol%, 10 < D6 ≤ 15 mol%, 15 < D6 ≤ 20 mol%, 20 < D6 ≤ 25 mol%; Figure S2a ). The fresh weight of the plants remained within the same range for the ≤ 5 mol% category plants as the D6 acyl group mol% fraction increased, but Myc-D6D-producing plants in the WT and fad3-2 backgrounds reached a weight threshold when D6 acyl levels were close to 25 mol%. Therefore, relatively high levels of GLA and SDA or the corresponding reduction in other acyl groups had a small but discernible effect on plant growth.
Some sets of plants showed a more perceptible growth phenotype after reaching the reproductive stage with less or sometimes delayed growth as well as early yellowing of leaves ( Figure S2b ). This phenotype was not always seen and may have been related to the respective plants' hypersensitivity to minor environmental fluctuations experienced in the growth chambers. In the following, all lipid analyses were conducted on young plants that were indistinguishable in their growth and appearance from WT.
The presence of GLA and SDA acyl groups was accompanied by a subtle secondary lipid phenotype. Myc-D6D-producing plants in WT, fad3-2, and ats1-1 backgrounds had an increased 16C to 18C ratio in some polar lipids (Figure 3) . This observation could indicate that the TGD1 complex discriminates slightly against the import of D6 acyl GLA SDA The ratio of GLA to SDA is shown for each background using only data from individuals producing >0.5 mol% SDA. Student's t-test was performed for each background against the WT, n > 33, *P-value < 0.005. GLA, c-linolenic acid; SDA, stearidonic acid. Error bars denote standard deviation (SD).
group-containing molecular species leading to the observed increase in16C/18C ratio. While this increase was statistically significant, it was too small to affect any conclusions drawn from GLA and SDA distribution results discussed below.
The fad3-2, tgd1-1 and ats1-1 Myc-D6D transgenic lines provide proof-of-concept
The distribution of D6 acyl groups among polar lipid classes was determined in leaf tissues from transgenic plants of each genetic background ( Figure 4a and Table S1 ; full acyl composition of all polar lipids). In general, Myc-D6D-producing plants in each of the tested genetic backgrounds showed the predicted distribution patterns of D6 acyl groups providing proof-of-concept for the described lipid 'tag and track' method. The pattern in Myc-D6D fad3-2 was very similar to that of Myc-D6D in WT (Figure 4a ), with the primary predicted phenotype being the increased GLA-to-SDA ratio as discussed above (Figure 2b ). Myc-D6D tgd1-1 plants had lower levels of D6 acyl groups in the major chloroplast lipids, MGDG and DGDG, and elevated D6 acyl group levels in ER-associated lipids, PC and phosphatidyl-inositol (PI) and phosphatidylethanolamine (PE), due to decreased ER-to-chloroplast lipid transport (Figure 4a ). This result also indicates that the TGD complex transports D6 acyl group-containing lipid species from the ER to the inside of the chloroplast even though at perhaps reduced efficiency as already mentioned above. The Myc-D6D ats1-1 plants had elevated levels of D6 acyl groups in MGDG compared with the Myc-D6D WT plants and decreased levels in PC and PI + PE because the ER pathway was compensating for the loss of the plastid pathway in these plants. The D6 acyl group level of DGDG was not affected in the Myc-D6D ats1-1 plants ( Figure 4a ) consistent with the previous observation that DGDG is almost exclusively produced from ER precursors (Browse et al., 1986) . These lipid analyses of the various mutants affecting the ER or plastid lipid assembly pathways have consistently given the projected results, thereby providing proof-of-concept for the lipid 'tag and track' method. Coming back to the presumed exclusive location of the recombinant Myc-D6D protein in the ER described above, these results would have been different, and uninterpretable if the recombinant protein had been imported into the plastid.
D6 acyl groups are present in plastid PG
Each of the four genetic backgrounds tested showed the presence of D6 acyl groups in PG, and the mol% fraction of the D6 acyl groups in PG increased in the Myc-D6D ats1-1 background, which is deficient in the plastid pathway (Figure 4a, inset) and in which the import of ER-derived lipid species is increased. Lipids were also analyzed from isolated chloroplasts in order to observe the presence of D6 The ratio of 16C to 18C acyl groups is represented for total lipid and each polar lipid for each genetic background, both transgenic and non-transgenic. The key is included in the figure. Student's t-test was performed comparing D6D transgenic to non-transgenic, n = 9-10, *P-value < 0.05, **P-value < 0.005. Error bars denote standard deviation (SD). DGDG, digalactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PG, phosphatidylglycerol; PI + PE, phosphatidylinositol/phosphatidylethanolamine; SQDG, sulfoquinovosyldiacylglycerol.
acyl groups specifically in plastid PG, and D6 acyl group presence was corroborated (Figure 4b ). An estimate for the extent of the incorporation of ERderived lipid precursors into plastid lipids can be obtained by comparing the ratio of D6 acyl groups-to-total acyl groups in each lipid in the WT background. For normalization purposes, we used the mol% fraction of 16:3 at the sn-2 position of MGDG. In Arabidopsis, between 50 and 60 mol% of the acyl groups in the sn-2 position of MGDG consist of 16:3, e.g. (Xu et al., 2003 (Xu et al., , 2008 . If we assume that 16:3 at the sn-2 position of MGDG is exclusively derived from the plastid pathway, approximately 40-50 mol% of the MGDG should be derived from imported precursors. Therefore, if approximately 40-50 mol% of MGDG with a ratio of D6 acyl groups-to-total acyl groups of 0.14 AE 0.03 are derived from the ER pathway in Arabidopsis, then approximately 74-93 mol% of DGDG with a ratio of 0.26 AE 0.06 and 14-18 mol% of PG with a ratio of 0.05 AE 0.01 are derived from the ER pathway.
D6 acyl groups in thylakoid lipids are evenly distributed between the glyceryl sn-1 and sn-2 positions Based on the substrate preference of the D6D for the acyl group at the sn-2 position of PC (Girke et al., 1998; Domergue et al., 2003) , D6 acyl groups were expected to be predominantly present in the sn-2 position of chloroplast lipids, assuming that the chloroplast-imported lipid species containing D6 acyl groups is derived without remodeling from PC assembled at the ER. Positional analysis of PC from both whole leaf tissue and isolated chloroplasts showed a positional distribution of D6 acyl groups with approximately 90% being in the sn-2 position ( Figure 4b and Table S2 ; full acyl compositional analysis of all polar lipids). However, the four thylakoid lipids differed from PC with D6 acyl groups being nearly equally abundant in the sn-1 and sn-2 positions (Figure 4b ).
Phosphatidic acid (PA) is a crucial intermediate of lipid assembly and a proposed lipid species imported into plastids (Hurlock et al., 2014) . Therefore, PA was isolated from whole leaf tissues and isolated chloroplasts and subjected to positional analysis. PA from whole leaf tissues showed a similar profile to PC with the majority of D6 acyl groups in the sn-2 position, while PA from isolated chloroplasts had an altered distribution of D6 acyl groups in the sn-1 and sn-2 positions more similar to that of the chloroplast lipids (Figure 4b) . This result suggests that the observed plastid PA is not directly or exclusively derived from extraplastidic PC, and that at least a fraction of PA, either imported or assembled in the plastid, is likely to be remodeled by acyl editing.
SDA and 16:3 are found in the same MGDG molecule
The acyl group compositional analysis of bulk lipids shown above does not provide information on the presence of different acyl groups within a single molecule. We hypothesized that direct evidence for acyl editing will be immediately apparent if exclusively ER-and plastid-derived acyl groups are found in the same chloroplast lipid molecule. Therefore, liquid chromatography mass spectrometry (LC/MS) performed on lipids extracted from transgenic plants with high levels of D6 acyl groups was employed to determine if 18:4 (SDA), derived from the ER, can be found in the same MGDG molecule as 16:3, an acyl group made exclusively in the chloroplast by the action of FAD5 (Kunst et al., 1989) . Focusing on the most abundant chloroplast lipid, 2% of MGDG was determined to be a 34:7 molecular species containing one 16:3 and one 18:4 acyl group each (Figures 4c and S3 ). As argued above, identification of this molecular species of MGDG provides strong supporting evidence for acyl editing of an exclusive chloroplast lipid with ER-derived acyl groups.
The effect of Myc-D6D on the metabolism of specific lipids A pulse-chase labeling experiment using whole leaves and 14 C-acetate was conducted in order to determine if the rates of synthesis and turnover of specific polar lipids are affected by the presence of 15-18 mol% D6 acyl groups in D6D transgenic plants. Both the non-transgenic and transgenic plants showed similar patterns of 14 C accumulation in each of the lipids during the pulse and the chase phases of the experiment (Figure 5a ). However, the transgenic plants did incorporate approximately two-fold higher total levels of 14 C-acetate per fresh weight (FW) in polar lipids than non-transgenic plants (Figure 5b ) suggesting an increase in the rate of fatty acid biosynthesis in the transgenic plants affecting all lipids. The amount of lipid per FW only slightly increased in transgenic plants (Figure 5c ) suggesting lipid turnover was likely to be increased in transgenic plants to account for the two-fold higher radiolabeling.
DISCUSSION
Differentiation of the two synthesis pathways for chloroplast lipids based on the specificities of the respective acyltransferases resulting in the glyceryl sn-2 position 16C/18C diagnostic rule has long been the accepted paradigm. For example, this distinction between lipid species derived from the two pathways led to the conclusion that the majority of plastid PG is of plastid origin (Browse et al., 1986) , despite the apparent contradiction that the ats1-1 mutant disrupted in the plastid pathway retains 75% of WT plastid PG levels (Kunst et al., 1988; Xu et al., 2006) . The question was whether the ats1-1 mutant had residual ATS1 acyl transferase activity in the plastid. Based on glycerol labeling of isolated ats1-1 chloroplasts, Xu and coworkers concluded that PA and PG are still being synthesized in chloroplasts of the ats1-1 mutant, even though the recombinant mutant protein had very little residual activity . Furthermore, when labeled palmitate was fed to leaves, its incorporation was similar in the ats1-1 mutant and the WT leading to the conclusion that the ER pathway is likely not responsible for maintaining the observed high plastid PG levels in the ats1-1 mutant . However, the 16C acyl group palmitate may not be the correct fatty acid substrate for detecting lipid precursor assembly at the ER and subsequent lipid import into plastids, because most chloroplast-imported lipid species contain only 18C acyl groups. Our current observation of an increase in D6 acyl groups in PG in the ats1-1 mutant background points towards the incorporation of a fraction of acyl groups from the ER pathway into chloroplast PG (Figure 4a, inset) . Based on the comparison of the ratio D6 acyl groups-to-total acyl groups between MGDG and PG, we estimate this fraction for PG to be approximately 14-18% in the WT, although we cannot rule out an additional ATS1-independent assembly pathway for PA and PG as suggested by Xu and coworkers . Thus, based on our analysis, which is independent of the 16C/ 18C rule, a substantial fraction of PG is derived from the ER. It should be noted that the majority of plastid PG contains an unusual C16 fatty acid at its sn-2 position, 16:1 D3t , making it the target of a specific lipase, PLIP1 (Wang et al., 2017) . The partial ER-origin of plastid PG in Arabidopsis is likely to be obscured using traditional approaches by specific acyl group remodeling of chloroplast PG, but is clearly apparent in the Myc-D6D transgenic lines using the 'tag and track' approach. The lipid 'tag and track' approach also provided strong evidence for acyl editing of thylakoid lipids. The observed distribution of D6 acyl groups in PG, DGDG, MGDG, and SQDG with nearly equal distribution of D6 acyl groups between the sn-1 and sn-2 positions, while 90% of the D6 acyl groups in PC occupy the sn-2 position (Figure 4b ), provided one piece of evidence. A second piece of evidence is the observation of SDA and 16:3 acyl groups in the same MGDG molecule as the first acyl group originates in the ER and the second in the plastid (Figure 4c ). Acyl editing has been described for PC at the ER (Bates et al., 2007) or the plastid envelope (Tjellstrom et al., 2012) , for plastid MGDG in Chlamydomonas (Li et al., 2012) , and recently for plastid PG during seed development (Wang et al., 2017) . Each of these reactions are proposed to contribute to the export of acyl groups from the plastid. It should be noted that acyl editing within the chloroplast might be increased in D6D-producing plants triggered by the presence of unusual fatty acids in the thylakoid lipids. In fact, the increased incorporation of labeled acetate in transgenic plants (Figure 5b ) in parallel with only slight increases in total acyl content (Figure 5c ) may be an indication of higher lipid turnover in the transgenic lines compared with WT. Nevertheless, the lipid 'tag and track' approach described here provides strong evidence for extensive acyl editing of thylakoid lipids in the transgenic lines, which likely also occurs in WT leaves, but perhaps to a lower extent.
The observed change in acyl group composition between PC in the ER or the outer plastid envelope and the thylakoid lipids might suggest that PC is not the source of the ER substrate for plastid lipid synthesis. PA has been proposed as the lipid species imported from the ER based on its specific binding to proteins of the TGD complex involved in chloroplast lipid import (Lu and Benning, 2009; Wang et al., 2012) . However, the positional analysis of PA was not conclusive because of its differing positional profiles between whole leaf PA and PA of isolated chloroplasts (Figure 4(b) ). In both cases, we have to assume that the imported lipid species is modified by acyl editing, and this could be true for PC or PA derived from PC at the outer envelope leaving the question of the nature of the imported lipid species still unanswered.
Based on the evidence provided by the lipid 'tag and track' approach shown here, we propose a mechanism that includes a combination of direct backbone import and acyl editing within the chloroplast. Assuming that this mechanism based on D6D transgenic plants also applies to WT plants, one might call into question whether the glyceryl sn-2 position 16C/18C diagnostic rule for identifying relative fluxes through the ER and plastid pathways still holds true in view of the observed extensive chloroplast acyl editing in the transgenic lines. Evidence as outlined above suggests that plastid PG does not entirely follow this rule. However, the 'tag and track' approach shown here does not allow us to assess fully the extent of chloroplast acyl editing in WT plants, which could be much lower than in the transgenic plants that have lipids with unusual fatty acids that could trigger an acyl editing or repair response.
EXPERIMENTAL PROCEDURES Plant growth and selection
Arabidopsis (Arabidopsis thaliana) were grown under a 16 h light/ 8 h dark cycle at 22°C/20°C (light/dark) with a light intensity of 100-120 lmol m À2 sec
À1
. The T1 generation of D6D plants was screened by spraying 2-3-week-old soil grown plants with 0.01% Basta solution (BioWorld 1% stock, cat# 30632006). Subsequent screening was done by PCR with internal primers for D6D: forward: GAAGTTGTCGGGTATGTG; reverse: CATCCCATTGTGGCTAAG. T2, T3, F3, and F4 populations were screened for stable transgenic lines by selection on Murashige and Skoog (MS) medium (Murashige and Skoog, 1962 ) + 1% sucrose containing 7 mg/L glufosinate ammonium (Sigma-Aldrich Cat# 45520) and subsequent PCR screening with the aforementioned primers. Arabidopsis for organelle isolation were grown to 3-4 weeks old on 150 9 15 mm Petri dishes containing MS medium + 1% sucrose with approximately 30 mg of seed per plate.
Nicotiana benthamiana were grown under a 16 h light/8 h dark cycle at a constant 25°C with a light intensity of 100-120 lmol m À2 sec
.
D6D plasmid construction
D6D coding sequence (Girke et al., 1998) was amplified from the p35-d6Physco plasmid provided by Dr Simone Z€ auner using primers compatible for use in the pENTR D-TOPO (Thermo Fisher, Grand Island, NY, USA) entry vector and subsequent cloning into both pEarleyGate101 and pEarleyGate203 (Earley et al., 2006) destination vectors. The same forward primer was used for amplification intended for both pEarleyGate destination vectors: CACCATGG-TATTCGCGGGCGGT. A reverse primer containing a stop codon was used for pEarleyGate203: TTAACTGGTGGTAGCATGCTGCT, and a reverse primer with no stop codon was used for pEarleyGate101: ACTGGTGGTAGCATGCTGCTCT. For yeast expression, an N-terminal Myc tag and a BamHI site were added by PCR using the forward primer: GACGGATCCAAAATGGAACAGAAGTTGATTTCCGAAGAA-GACCTCATGGTATTCGCGGGC, and an ApaI site was added with the reverse primer: TTAGGGCCCTTAACTGGTGGTAGCATG. BamHI and ApaI restriction enzymes were used to clone the PCR product into the yeast expression vector, pESC-His (Agilent Technologies, Lexington, MA, USA) and create D6D pESC-His.
Arabidopsis transgenic lines
Arabidopsis Columbia-2 (Col-2) and fad3-2 plants were transformed with D6D pEarleyGate203 using the floral dip method as described in Clough and Bent (1998) . Four lines from each background were chosen for further analysis based on total GLA and SDA content. The four lines in the WT Col-2 background were also crossed with the ats1-1 and tgd1-1 mutants. Four lines from independent crosses in each of these mutant backgrounds were also chosen for further analysis based on total GLA and SDA content.
Nicotiana benthamiana transient expression
Transient expression of D6D pEarleyGate101 was performed according to Ma et al. (2015) .
Recombinant protein production in Saccharomyces cerevisiae
D6D pESC-His and pESC-His empty vector were introduced into S. cerevisiae (INVSc1, Thermo Scientific) using the Frozen EZ Yeast Transformation II kit from Zymo Research (Irvine, CA, USA). Yeast cultures were grown in synthetic defined ÀHis selection medium supplemented with 2% dextrose to OD 600 = 0.4-0.6. Cells were then pelleted and resuspended in the same volume of rich medium (1% yeast extract, 2% peptone, 2% galactose) induction medium. Cells were harvested at 0, 4, 8 or 24 h after induction and used for protein extraction as described in Kushnirov (2000) .
Confocal microscopy
Confocal imaging was performed on 4-6-week-old tobacco leaves 36 h post infiltration of agrobacterium culture using a Nikon A1Rsi confocal laser scanning microscope. YFP fusions were excited at 514 nm, and the emissions were detected with a 530-600 nm band pass filter. Chlorophylls were excited at 647 nm, and the emissions were detected with a 660 nm long pass filter. Images were merged and pseudocolored using Nikon NIS Elements AR software (version 4.30.01). The CFP ER marker is from Nelson et al. (2007) .
Organelle isolation
Three, four or five plates of 3-4-week-old seedlings (details above) were used for each chloroplast and ER isolation. Chloroplast isolation was carried out as described in Roston et al. (2011) , while ER and protein extraction were carried out as described here. ER isolation was performed by grinding seedlings and 20 mL of ER grinding buffer (10 mM 2-mercaptoethanol, 5 mM EDTA, 10 mM Tris-HCl pH7.5) plus 2 cOmplete, mini, EDTAfree protease inhibitor tablets (Roche, Indianapolis, IN, USA) and 200 ll Sigma-Aldrich (St. Louis, MO, USA) Protease Inhibitor Cocktail into a paste with a mortar and pestle kept on ice. The whole procedure was carried out on ice or at 4°C. Solid tissue was filtered out through a double layer of Miracloth, and the liquid was centrifuged at 3000 g for 5 min. The supernatant was centrifuged again at 12 000 g for 10 min and then again at 100 000 g for 10 min. The pellet was resuspended in 300 lL of ER grinding buffer and loaded onto a step gradient of 5 mL 25% sucrose in ER grinding buffer and 5 mL 18% sucrose in ER grinding buffer and then centrifuged at 100 000 g for 1 h. The interface was collected into a new tube, diluted with 10 mL of ER grinding buffer, and centrifuged at 100 000 g for 10 min. The final pellet was resuspended in 100 lL of import buffer (330 mM sorbitol, 50 mM HEPES pH 8.0-KOH) plus 10 lL Sigma-Aldrich Protease Inhibitor Cocktail.
Protein preparation, SDS-PAGE, and immunoblotting
Tissues from 4-week-old Arabidopsis seedlings were snap frozen and ground in liquid nitrogen. Protein was extracted from tissues in an equal volume of protein extraction buffer (final concentration: 100 mM sodium phosphate buffer, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 0.1% Triton X-100, and 10% glycerol) with the addition of the following immediately before use (final concentration: 3 mM DTT, 50 lM MG-132 (AG Scientific, San Diego, CA, USA), 1 9 Roche cOmplete Mini Protease Inhibitor, 1 9 Sigma-Aldrich Protease Inhibitor Cocktail, 5 mM benzamidine, 1 9 Sigma-Aldrich Phosphatase Inhibitor 2 and 3, 1 9 Thermo Fisher Scientific Halt Phosphatase Inhibitor Cocktail, 180 nM epoxomicin (Cayman Chemical Co., Ann Arbor, MI, USA), 0.5% sodium deoxycholate pH 8.0, 0.1% SDS and 1 mM phenylmethylsulfonyl fluoride). Samples were kept on ice throughout the extraction process. Whole cell lysates were then centrifuged at 21 380 g for 10 min at 4°C and the supernatant was transferred to new tubes. The supernatant was further centrifuged at 10 000 g for 5 min at 4°C to remove any remaining cell debris, and the final protein extract was prepared in 5 9 loading buffer (final concentration: 25 mM Tris HCl pH 6.8, 2% SDS, 0.12% bromophenol blue, 10% glycerol, and 2% (b-mercaptoethanol). Yeast Myc-D6D protein at the 8 h induction time point was diluted 8 9 with 2 9 loading buffer. Both yeast and plant protein extracts were boiled at 95°C for 5 min before indicated volumes of samples were mixed and loaded onto 7% SDS-PAGE acrylamide gels. Gels were transferred to polyvinylidene fluoride membrane for 1 h at 100 V at 4°C. Membranes were blocked for 1 h in 5% milk in TBST (20 mM TrisHCl pH 7.5, 150 mM NaCl, 0.05% TWEEN 20) and incubated in 1:1000 dilution of anti-myc antibody (Cell Signaling Technologies, Danvers, MA, USA) in 3% BSA in TBST overnight at 4°C. After intermittent rinsing with TBST for 30 min, membranes were incubated with goat anti-rabbit-HRP secondary at 1:10 000 dilution in 5% milk in TBST for 1 h at room temperature. Following another intermittent TBST wash for 30 min, membranes were detected with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific).
Lipid analysis
Whole tissue lipid analysis was done by subjecting leaf tissue to fatty acid methyl ester (FAME) preparation as described in Wang and Benning (2011) . Lipid extraction, thin layer chromatography (TLC) separation, FAME preparation for scrape silica, and gas chromatography (GC) analysis were also carried out as described in Wang and Benning (2011) . Modifications to the referenced protocol are noted as follows. The FAME preparation for whole tissue lipid analysis was started with whole leaf tissue rather than scraped silica. The 80°C incubation step for whole leaf FAME preparation was extended to 45 min. For TLC separation of individual lipids, Sil G-25 20 9 20 TLC plates (Macherey Nagel, Bethlehem, PA, USA) were treated with 0.15 M ammonium sulfate solution at least 2 days prior to use.
Positional analysis
Positional analysis was carried out by first extracting lipids from both isolated chloroplasts and whole leaf tissue and running them on a TLC as described above for all lipids except PA. The TLC solvent system of 65:25:5 chloroform:methanol:concentrated ammonium hydroxide was used for PA separation. Silica from areas with the desired lipids was scraped into tubes and re-extracted with 2 mL of 2 methanol: 1 chloroform and then 1 mL of 0.2 M H 3 PO 4 , 1 M KCl. The organic layer was filtered through glass wool and dried under a nitrogen gas stream. Lipids were resuspended in 300 ll PBS (phosphate-buffered saline), 1% Triton X-100 and sonicated for 3 9 10 sec at power level 0.5. Next, 10 lL of 4 mg mL À1 Rhizopus lipase stock solution in PBS was added to the lipid suspension and incubated at room temperature for 1 h.
Lipids were extracted with 1.1 mL 2 methanol: 1 chloroform and then 400 lL 0.2 M H 3 PO 4 , 1 M KCl. The organic layer was concentrated under a nitrogen gas stream and run on an ammonium sulfate-treated TLC. MGDG, DGDG, PG, SQDG, and PA were run with 91 acetone: 30 toluene: 7 water solvent, and PC was run with 60 chloroform: 30 methanol: 8 acetic acid: 5 water solvent.
Lipid preparation and LC/MS measurement
Total lipids were extracted from 100 mg (fresh weight) leaf tissue high D6 acyl producing plants with 1 mL of an extraction buffer composed of 3 methyl-tertiary-butyl-ether: 1 methanol. Samples were shaken vigorously for 5 min, and 500 lL of 3 water: 1 methanol was added and well mixed. Phases were completely separated by 5 min centrifugation at 15 000 g. The upper phase of the separation was isolated and dried by nitrogen gas. The concentrated lipids were finally resuspended in 100 lL 7 acetonitrile: 3 isopropanol and diluted 30-fold for LC/ MS measurement.
The LC/MS measurement method was modified from Burgos et al. (2011) . Lipid samples were analyzed using a Waters Xevo G2-XS Q-TOF mass spectrometer interfaced with a Waters Acquity binary solvent manager and Waters 2777c autosampler. Next, 10 lL samples were injected onto an Acquity UPLC CSH C18 column (100 9 2.1 741 mm, Waters Corp.) held at 55°C. The mobile phases consist of 0.1% acetic acid and 10 mM NH 4 OAc in water (Solvent A) and methanol/isopropanol (7:3, v/v containing 0.1% acetic acid and 10 mM NH 4 OAc) (Solvent B). A gradient of mobile phase was applied in a 20-min program with a flow rate of 0.4 mL min
À1
. The gradient profile was performed as follows: hold for 1 min after injection at 45% A/55% B, followed by a 1-min linear ramp to 25% A/75% B and another 2-min linear ramp to 11% A/89% B. Then, a 13-min linear gradient was applied to further decrease to 1% A/99% B and equilibrate for 1 min, followed by a 2-min isocratic period at 45% A/55% B. LC separated analytes were ionized by negative ion mode electrospray ionization and mass spectra were acquired using an MSe method in continuum mode over m/z 50 to 1500 to provide data under nonfragmenting and fragmenting conditions (collision energy ramp from 20-80 V).
Processing and alignment of chromatograms, peak identification and integration were performed using Progenesis QI (version 2.2). MGDG peaks were filtered out from all peaks based on their m/z and their expected retention time. The acyl composition of the MGDG peaks was determined by identification of the fragmented fatty acid ions (the m/z value of SDA is 275.21). The ion intensities of SDA containing MGDG species were normalized to the ion intensity of all identified MGDG species.
Radiolabeling
The leaf pulse-chase was performed as described in Wang et al. (2017) with adjustments noted as follows. MS salts and vitamins were added to the incubation medium, and the medium was filtersterilized before use or addition of 14 C-acetate. Incorporation levels per mg of tissue were determined in a separate experiment following the same general protocol as for the pulse-chase experiment, but the only time point taken was the 40 min pulse time point. Next, 10 lL of the lipid extract was also directly used for scintillation counting instead of running on TLC for individual lipid separation.
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